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1. IDMRODUCTION

This work is part of the task to find energetic materials to replace black powder
in the hand-held signal flare (e.g., SIGNAL, ILLUMINATION, GROUND RED STAR,
CLUSTER, M158). This device is a percussion-fired item in which a granulated black-
powder charge ejects a small rocket from a hand-held launcher. The motor of the rocket
consists of hollow cylinders of pressed black powder which are ignited during launch.
As the motor charge is consumed, a delay pellet of pressed black powder burns along
a connecting passage. When this delay charge is consumed, a granulated black-powder
expelling charge is ignited to deploy and ignite the flare mixture. This device utilizes the
recognized positive characteristics of black powder such as small pressure exponent of
bum rate, ease of ignitability, and utility in the ignition of othetr materials. Conventional
black powder, however, exhibits an undesirable degree of variability in its performance,
a trait generally attributed to its charcoal component. Consequently, ona direction of the
effort has been to replace the charcoal in black powder with a single organic compound
to reduce the uncertainty in pyrolized natural wood composition.1

Four of these charcoal-substitutes were utilized by Picatinny Arsenal to fabricate
four black-powder substitute materials. These items were in the form of fine powder for
pressing into sticks. The charcoal-substituted materials were not provided in Class 6
granular form for testing in the granular-charge fixtures to be described. In addition,
Pyrodex RS, manufactured by the Hodgdon Powder Co. was supplied by the manufacturer
for testing. This material is granular with a particle size just under Class 5 and could be
used to form pressed sticks as well as compared with black powder in the loose-charge
combustion tests. The linear burning rates of the pressed materials over the operating
pressures- of the flare were measured along with pressed Goex black powder as a
baseline. The performance of black powder and Pyrodex RS in the granular-charge
applications were tested in special fixtures designed to mimic the internal geometry of the
flare. Pressures and temperatures produced by these two materials were measured in
these fixtures. The resulting data provide a basis for judging the probable performance,
of these materials relative to black powder with respect to the various functions of
energetic material in the flare.

2. FORMUIATIONS

The black powder is assumed to be a standard potassium nitrate (75%). sulfur
(10%), charcoal (15%) formulation. The substitutes replace the charcoal with the chosen
organic compound. The four compounds chosen for this effort are phenolpthalein,
fluorescein, anthraflavic acid, and lsopthalic acid. The formulation of Pyrodex is
proprietary information.

SPRE -MATmMMA COMBUSTION T

The samples were pressed in custom dies from SPEGAC (eant, England). The die
bore is 6 nun in diameter by 65 mm long. A Carver Labora!ýry Press with a 12 tooi
hydraulic jack was used to apply force to the die pistons. The pess was calibrated
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against a force ring from Morehouse Instrument Co. at 13350 N (3000 pounds) and
17800 N (4000 pounds).

Initial pressing tests were performed with potassium nitrate as a simrulant for the
black powder. Dry pressing of the material proved to be a problem. The samples would
chatter during pressing from the die and pulverize or break into short pieces. Previous
work (Sasse) reported success at low percentile water addition. A light application of
WD40 to the die and 2 wt % water to the powder resulted in samples that were generally
removed from the die easily and were of uniform translucent appearance. A drop of
moisture was expressed from the die during the pressing. The potassium nitrate sample
pressed with 13350 N (3000 pounds) resulted in a sample calculated as 99.3% of crystal
density with no correction for retained water and no effort at forced drying. The energetic
material was moistened in a plastic bag using an atomizer to spray the powered sample.
The bag was shaken to distribute the droplets thru the sample. Approximately 2% water
was added. The moisture was allowed to diffuse thnm the sample enclosed in the bag for
at least an hour before press runs.

The moistened powder was loaded into the die with manual compaction. One
plunger was in the die in a fixed position to deter"nine the quantity of material used. The
die assembly was completed and it was loaded into the press. The force on the die
plunger was raised to 17800 N (4000 pounds) over a time period of thirty seconds and
held there for the remainder of a five minute cycle. After the die was removed from the
press and disassembled, a large mechanical press was used to push the sample from the
die. The samples all had a diameter of about 6 mm and lengths in the range 28 - 31 nun,
The pressing force applied to the die and the resulting average densities and standard
deviations for the samples are given in Table 1. In most cases a droplet of water was
expressed from the die during pressing. Noticeably less water was expressed with the
black powder samples.

The samples were burned in a uniaxial mode in a windowed chamber pressurized
to the desired level with nitrogen. The samples were oriented with axis vertical and
ignited at the top end with a hot wire. The burn was recorded with video equipment and
the rate data were obtained from digitized position versus- time data, which were fitted with
a linear least-squares line routine. The rate datum was obtained as the slope of this- line.
The rate data for the various pressures were fitted to the usual power-law expression and
summarized in Table 2. The bun rate data plots are presented in Figure I for a pressure
range of 2 MPa to 4 MPa (300 psi to 600 psi). As shown in the plots, the anthraflavic acid
substitute is nearest to the Goex in burn rate over this pressure range.

Fi'ju'o 2 shows an example of the position/time plot from which the rate datum is
obtained. The agreement of the points and the line gives a notion of the steadiness of the
burn. In general, the burns of all the substitutes and the Goex samples were very regular
after the ignition perturba6on smoothed out. The Pyrodex -samples were somewhat more
irregular in their steadiness.

2
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Table 1. Measured Densities of Pressed Samples

MATERIAL DIE FORCE (N) DENSITY (g/cc)_ # SAMPLES

Phenolpthalein 17800 1.8871 ± .0049 14

Phenolpthalein 8900 1.8656 ± .0004 2

Fluorescein 17800 1.9546 ± .0076 20

Anthraflavic Acid 17800 1.9601 _ .0057 20

Isopthalic Acid 17800 1.8921 ± .0063 20

Goex BP 17800 1.9294 ± .0062 20

Goex BP 13350 1.9135 ± .0085 2

Goex BP 8900 1.9161 ± .0028 3

Pyrodex 17800 1.8525 ± .0055 10

Table 2. Parameters of Burning-Rate Law r(cm/s) b Pn(MPa)

MATERIAL ] COEFFICIENT b- EXPONENT n

Goex Bla*k Powder 2.014 0.2126

Phenolpthalein 1512 0.1828

Fluorescein 1.273 0.2997

Anthraflavic Acid 1.773 0.28"78

Isopthalic Acid 0.7727 0.3455

Pyrodex 0.9940 0.4680

4. GM•NUIA-M&TMRI COMMUSTON TESTS

Laboratory-fixture tests were desired in order to burn the materials under
conditions approximating those found in the hand-held signal flare. Two fixtures were
made. One fixture was designed to examine the expelling-charge combustion phase. The
other fixture was made to exanidne the rocket-motor igniting-charge combustion.

The igniting-charge test fixture, Figure 3, examines a small high velocity jet
impinging against the material to be ignited here simulated by the heat sensor, Figure 4.

5
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8. MIL CHROMEL-ALUMEL JUNCTION

ALUMINA TUBE TIP

COPPER DISC

"LAVA' SUPPORT M av

SPRING FROM GI PN

1Z....COPPER WIRE CATCH

OMEGA ALUMINA THERMOCOUPLE TUBE

Figure 4. Heat Sensor, Thermocouple Assembly
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The expeling-charge fixture, Figure 5, is intended to examine the pressurization
and heat transfer during the payload-deployment phase. The venting of the combustion
products is adjustable by using shims of various thickness at the "top" of the chamber.
The shims used for the test sequence reported here were 0.254 num (0.010 in.) stainless
steel.

Pressure instrumentation consisted of a Kistler Pressure Transducer Model 21 1B2
with a Piezotron 5120 Coupler.

Devices were desired which would examine the relative heat transfer from the
propellant products under several of the conditions encountered in the flare. Wall heat
transfer, as in the expelling charge fixture would be characterized by relatively low
velocity combustion products. For the ignition fixture, a jet of particle loaded combustion
products would impact a surface at normal incidence. The heat sensors for both fixtures
consisted of discs of copper exposed to the combustion gases on one side. The copper
disc is supported by a ceramic cylinder with a 1.6 mnm (1/16 inch) hole along the axis.
A 0.127 mm (0.005 inch) wire chromel/alumel thermocouple in a 1.6 num (1/16 inch)
alumina thermocouple tube is inserted in the ceramic support and butts against the
atmospheric pressure side of the copper disc. A ballpoint-pen spring was used to tension
the thermocouple tube against the copper disc.

For the ignition charge test fixture 12.7 mm (1/2 inch) diameter copper discs,
0.64 mm thick were used in the heat sensor. The position of the thermocouple is
troublesome in this fixture. The jet is small in diameter and position shifts of the
thermocouple off the jet centerline alters the sensed temperature rapidly. Marking of the
components of the heat sensor allows the parts to be assembled in the same position
each time. In tests with this sensor, an erosion dimple at the jet impact point that is about
half the thickness of the copper occurs for the black-powder shots. For the Pyrodex sbots
the erosion pit is somewhat shallower and somewhat broader.

For the sensor in the expelling-charge fixture, the copper disc is 0.12 nun thick.
Variations in the shape and peak values of the temperature curves in these tests are
believed to be due to the combustion product droplets flowing across the face of the disc.
Upon disassembly of the sensor after a black-powder shot, residue in the shape of rivulets
was observed. For the Pyrodex shots some of the examinations showed very little residue
on the sensor face.

Masking tape was used over the hole between the two major parts of the chambers
to provide initial charge confinement. This tape, to some degree, mimics the kraft paper
used in the signal flare. The masking tape in the expelling-charge fixture was slit at one
edge segement of the hole so that the tape would flop open in a repetitive fashion away
from the heat sensor.

Pressure and temperature data were recorded on a Nicolet 4094 B2 scope using
a 4851 plug-in.

8
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The charge of powder for the reported tests was set at 1.000 grams. Ignition was
achieved with #40 B&S gauge nickel wire spot welded into position atop the Berning seals
electrodes. It was found necessary to tension this wire during spot welding in order to
obtain repeatability in the pressure traces. For the expelling charge fixture, the chamber
axis had to be oriented horizontally, with the ignition wire down, to obtain repeatable
ignition.

Based upon an examination of the data from the ignition fixture tests, it is
recommended that the charge of powder be reduced and the fixture be redesigned in
order to lower the pressures obtained before additional tests are performed. As tested,
the pressures obtained were nearly at the damage point of the gage. An improved seal
between the fixture segments would probably make the pressure traces more
reproducible.

Table 3 lists a summary of the peak pressure and temperature data obtained in the
ignition fixture and the expelling charge fixture for Goex Class 5 black powder and for
Pyrodex RS powder. Samples of the substitute candidate powders were not available in
the proper granulation for tests in the flare fixtures. The granulation of the Pyrodex RS
powder is visibly finer than that of the Goex Class 5 black powder. The detailed data for
these shots is presented in Appendix A.

Table 3. Average Peak Pressure and Temperature Changes in Fixture Tests

FIXTURE . . MATER AP @APa) AT CC)

Ignition Goex Black 40.22 ± 1.41 716 ± 49
Powder

Ignition Pyrodex RS 61.21 ± 1.18 667 ± 6

Expelling-Charge Goex Black 9.70 ± 1.25 96 ± 31
Powder

Expelling-Charge Pyrodex RS 6.75 ± 0.93 78 t 17

8. CONCLUSIONS

Based upon the bum rate data, the anthraflavic acid substitute might function as a
direct replacement for the Goex black powder in the 2 to 4 MPa range expected in the
flare. The material should be granulated to the appropriate size for testing in the fixtures.
The phenolpthalein substitute with the lowest pressure exponent obtained in these tests
deserves testing with probable granulation adjustment.

The isopthalic acid mixture as tested in the strand burner produced large droplets
of residue that tended to plug the vents of the chamber. This is probably due to the much

10



lower burn rate of the material. This material may be of special interest as an igniter
material in other applications.

The Pyrodex gave slightly higher pressures in the ignition fixture tests and lower
pressures in the expelling charge fixture.

Before additional tests are performed with the ignition fixture, it is recomended that
the charge of powder be reduced and that the chamber be modified to lower the peak
pressures that are obtained.

11
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APPENDD DATA FROM FD MR COMBUSTON TEST

_______Table A-I._Ignition-Fixture Data

MATERIAL RUN # &P Or. ) (°C) DISC MASS(9)

Goex BP 48 41.0 771 0.725

Goex BP 49 41.8 686 0.731

Goex BP 50 37.; 697 0.733

Goex BP 61 41.0 634 0.725

Goex BP 52 40.3 762 0.741

Goex BP 53 39.8 746 0.730

Pyrodex RS 59 --- 562 0.750

Pyrodex RS 60 52.2 570 ---

Pyrodex RS 61 48.8 570 0.736

Pyrodex RS 62 51.7 562 0.728

Pyrodex RS 63 52.4 565 0.745

Pyrodex RS 64 50.8 574 0.738

Pyrodex RS 65 51.4 --- 0.745

17



Table A-2. Expelling-Charge Fixture Data

E MATERIAL RUN # AP (Pa) AT (-C)

Goex BP 34 9.30 100

Goex BP 35 11.22 1,32

Goex BP 36 9.51 128

Goex BP 37 10.81 B4

Goex BP 73 7.67 68

Pyrodex PS 66 6.14 90

pyrodex FS 67 8.18 73

Pyrodex RS 68 6.36 63

Pyrodex RS 69 7.90 82

Pyrodex RUS 70 6.04 55

Pyrodex RS 71 5.86 106

18
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No of No of
_j Oraizto Copiges Organization

2 Administrator 1 Commander
Defense Technical Info Center US Army Missile Command
ATTN: DTIC-DDA ATrN: AMSMI-RD-CS-R (DOC)
Cameron Station Redstone Arsenal, AL 35898-5010
Alexandria, VA 22304-6145

1 Commander
SHODA (SARD-TR) US Army Tank-Automotive Command

WASH DC 20310-0001 ATTN: AMSTA-TSL (Technical Library)
Warren, MI 48397-5000

Commander
US Army Materiel Command 1 Director
ATTN: AMCDRA-ST US Army TRADOC Analysis Command
5001 Eisenhower Avenue ATTN: ATRC-WSR
Alexandria, VA 22333-0001 White Sands Missile Range, NM 88002-550

1 Commander (cI. OW) I Commandant
US Army Laboratory Command US Army Infantry School
ATTN: AMSLC-DL ATTN: ATSH-CD (Security Mgr.)
Adelphi, MD 20783-1145 Fort Benning, GA 31905-5660

2 Commander (uQii OW I Commandant
US Army, ARDEC US Army Infantry School
ATTN: SMCAR-IMI-I ATTN: ATSH-CD-CSO-OR
Picatinny Arsenal, NJ 07806-5000 Fort Benning, GA 31,05.5660

2 Commander I Air Fome Armament Laboratory
US Army, ARDEC ATTN: AFATL/DLODL
ATTN: SMCAR-TDC Eglin AFB, FL 32542-5000
Picatinny Arsenal, NJ 07806-5000 Aberdlen Provino Ground

Director
Benet Weapons Laboratory 2 DCr, USAMSAA
US Army, ARDEC ATTN: AMXSY-D
ATTN: SMCAR-CCB-TL AMXSY-MP, H. Cohen
Watervilet, NY 12189-4050 1 Cdr, USATECOM

ATTN: AMSTE-TD
Commander 3 Cd, CRDEC, AMCCOM
US Army Armament, Munitions ATTN: SMCCR-RSP-A

and Chemical Commarx. SMCCR-MU
ATTN: SMCAR-ESP-L SMCCR.MSI
Rock Island, IL 61299-5000 1 Ir, VLAMO

ATTN: AMSLC-VL-D
Director
US Army Aviation Research

and Technology Activity
ATTN: SAVRT-R (Ubrary)
M/S 219-3
Amos Research Center
Moffett Field, CA 94035-1000
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4 Commander 2 Cnmmander
US Army Research Office Naval Surface Warfare Center
ATIN: R. Ohirardelli ATIN: R. Bernecker, R-13

D. Mann G.B. Wilmot, R-16
R. Singleton Silver Spring, MD 20903-5000
R. Shaw

P.O. Box 12211 5 Commander
Research Triangle Park, NC Naval Research Laboratory
27709-2211 ATITN: M.C. Lin

J. McDonald
2 Commander E. Oran

US Army, ARDEC J. Shnur
ATTN: SMCAR-AEE-B, D.S. Downs RJ. Doyle, Code 6110

SMCAR-AEE, JA. Lannon Washington, DC 20375
Picatinny Arsenal, NJ 07806-5000

1 Commanding Officer
Commander Naval Underwater Sysicnu
US Army, ARDEC Center Weapons Dept.
ATIN: SMCAR-AEE-BR, L Harrs ATTN: R.S. Lazar/Code 36301
Picatinny Arsenal, NJ 07806.-500 Newport, RI 02840

2 Commander
US Army Missile Command 2 Commander
AT17N: AMSMI-RK, Naval Weapons Center

DJ. Ifshin ATTN: 1" Bogg Code 388
W. Wharton I. Parr. Code 3895

Redstone Anen, AL 3%%98 UW• Lake, CA 93555.-001

Commander I Comnander
US Army MALsi Comatand Narai Weapons Support Center
ATTN: AMSMI.RKA, A&R. Maykut ATIN: B. Douds, Code 50
Redstone Arsenal, AL 358*854U9 Osoc, IN 47522-05

Ofce of Naval Rcar. ch I Superlittervnd
Departmnt of the Nivy Naval Pomituate Sebool
ATINz I[.S. Miller, Code 432 Dept. of Aeroautics
8WA N. Ouincy Street A'TN: D.W. Nctrer
AZrngton, VA 22217 Monmy, CA 93940

¢Comaader 3 AIASCF
Naval Air Sylletr Command AIIN: R. Oxley
ArM: J. Raminaace, R. Geisr

AIR-541 I I C 1. Levine
W& gon, DC 20360 -Evst AFPR CA 93523-5000

2 COmmunder I AL KPB
Nail O•rdnce Station AMTN: B. Gosh& rian
ATTN: J.E. Roae EOtrd AF., CA 93523-00

F. Valenta
imlian Hed MD 2064.000 I AIOSR

ATTN: JM. lbboU
Commander BWflirtg Ail Force Base
Naval Surface Warfare COnter WaQW41od. DC 20332
ATIN: .L Las, Jr., 0.23
Dalipen, VA 2244&..50
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SOSD/SDIOIIST 1 Atlantic Research Corp.
ATTN: L Caveny ATTN: R.H.W. Waescbe
Pentagon 7511 Wellington Road
Washington, DC 20301-7100 Gainesville, VA 22065

I Commandant I AVCO Everett Research
USAFAS Laboratory Division
ATITN: ATSF-TSM-CN AMN: D. Stickler
Fort Sill, OK 73503-5600 2385 Revere Beach Parkway

Everett, MA 02149
1 FJ. Seiler

AMTH: SA Shackleford 1 Battelle Memorial Institute
USAF Academy, CO 80840-6528 Tactical Technology Center

ATMl: J. Huggins
Unhiersity of Dayton Research Institute 505 King Avenue
ATIN: D. Campbell Columbus, OH 43201
AI/PAP
Edwards AFB, CA 93523 1 Cohen Professional Services

AMTN: N.S. Cohen
SNASA 141 Channing Street

Langley Research Center Redlands, CA 92373
Langley Station
ATTN: G.B. Northam/MS 168 1 Exxon Research & Eng. Co.
Hampton, VA 23365 AMTN: A. Dean

Route 22B
4 National Bureau of Standards Annand&ze, NJ 08801

ATTN: J. Hastie
M. Jaccm 1 Ford Acrospace and
T. Kashiwagi Communications Corp.
H. Semerjian DIVAD Division

US Department of Commerce Div. Hq., Irvine
Washington, DC 20234 ATTN: D. Williams

Main St: -. t & Ford Road
1 Aerojet Solid Propulaion Co. Newport Beach, CA 92663

ATTN: P. Micheli
Sacramento, GA 95813 1 General Applied Science

Laboratories, Inc.
I Applied Combustion Technology, Inc. 77 Raynor Avenue

ATTN: A.M. Varnet. Ronkonkama, NY 11779.6649
P.O. Box 607885
Orlando, FL 32860 1 General Electric Ordnance

Systems
2 Applied Mechanics Reviews ATM'N: J. Mandzy

The American Society of 100 Piwics Avenue
Mechanical Engineers Pittsfiltd, MA 01203

ATTM: R.E. White
A.B. Wenzel 2 General Motors RAch Lab•

3.45 r. 47th Street Physics Department
New York, NY 1%, 7 ATr`N: T. Sloan

R. Twets
SAtlantic Research Corp, Warren, MI 4WW

ATTN: M.X King
5390 Cherokee Avenue
Alexandria, VA 22314
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2 Hercules, Inc. 1 National Science Foundation
Allegheny Ballistics Lab. ATTN: A.B. Harvey
ATTN: W.B. Walkup Washington, DC 20550

E.A. Yount
P.O. Box 210 1 Olin Ordnance
Rocket Center, WV 26726 ATTN: V. McDonald, Library

P.O. Box 222
" Honeywell, Lic. St. Marks, FL 32355-0222

Government and Aerospace
Products1 Paul Gough A.sociates, Inc.

A1TN: D.E. Broden/ ATN: PS. Cough
MS MN5O-2000 1048 South Street

600 2nd Street NE Portsmouth, NIH 03801-5423
Hopkins, MN 55343

2 Princeton Combustion-
Honeywell, Inc. Research Laboratories, Inc.
ATMN: LE. Tompkins AMTN: M. Summerfield
MN38-3300 NA. Messina
10400 Yellow Circle Drive 475 US Highway One
Minnetonka, MN 55343 Monmouth Junction, NJ 08852

SIBM Corpcsotion I Hughes Aircraft Company
AiTN: AC. Tam AITN: T.E. Ward
Research DMision 8433 Fallbook Avonue
5600 Coale Road Canoga Park, CA 9130(
San Jam, CA 95193

I Roekw•ll Intermtdlonal Corp.
I UT Reuarech Iwtitute Rocketdnu Divison

A 'TN: RY. Rgmaly ATMlN: L.E VFnnagatl/Hb2
10 West 35tiv Strett 6633 Canoga Avenae
Chcago. IL 60616 Canoga Park, CA 91304

SINAAP 4 Sandia National Labortories
AMl': D. TiMMit Division 8354
I ighway 62 ATTN: IL Cottolca
Charlcaum. IN 47111 S. Johmsson

P. Mattem
2 Direor D. Stephenson

Lawrc= Ilv Irore fLW om, CA 94550
National Laboratory

ATM: C. WesUM I Science Applit~iutons 11M.
M. QrSIAno ATTN: X.8B Eftmoan

S.O. am 808 23146 Cstoanxh Cr-'
ULernore, (A 9455 WH" CA 9136

to~ki•¢td Mistlvs & Spa=e Co. 3 SRI 10=0e1a=,u11d
AMIT: (k.'4e Lo AiTN: G. Smith
3251 'ii•koer trteet D. (ý'Wey
Dtpi. 52.3-14204!2 D. OA&de
bPalo Alo, C, 94304 333 Ravetiwood Avmte

Mewlo Part, CA 9402$
Lom Ajnot Natioal Lab
A'fTM: It. Nichols Sieveas Institute of Tbh.

1V, MS-i284 Dvdson Laboratory
PO. Bat 16(3 A'TN: R. McAlev'. III
La. AW~wk NM 67545 Hoboen NJ 07M3U
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I Sverdrup Technology, Inc. 1 California Institute of Tech.
LERC Group Jet Propulsion Laboratory
ATM.N: RJ. Locke, MS SVR-2 ATTN: L Strand/MS 512/102
2001 Aerospace Paikway 4800 Oa. Grove Drive
Brook Park, OH 44142 Pasadena, CA 91009

SThiokol Corporation 1 California Institute of
Elkton Division Technolog
ATTN: S.F. Palopoli AITN: F.E.C. Culick/
P.O. Box 241 MC 301-46
Elkton, MD 21921 204 Karman Lab.

Pasadena, CA 91125
1 Morton Thiokol, Inc.

Huntsvife Divislor, I University of California
ATM'N: 3. Deur LIs Alamos Scientific Lab.
Huntsville, AL 35807-7501 P.O. Box 1663, Mail Stop B216

Los Alamo, NM 87545
Morton Thiokol, Inc.
ATITN: D. DIf'chzy 1 University of California,
P.O. Box 1149 Berkeley
Marshall, TX 75611 Chemistry Deparment

ATT, : C. Bradley Moore
"3 Thiokol Cwporation 211 Lewis Hall

Wasatch Division Berkeley, CA 94720
ATIN: S. Bennett
P.O. BM 524 1 University of California,
Brigham City, UT 84302 San Dlicgo

ATIN: F.A Williams
United Technologs Res •be, rh Center AMES, B010
AMTT: A.C, Eckbret LA JOn, CA 92093
Eau HanbAi. CT 06108

Unriversity of Callfobru,
3 'United Technogies Corp. Santa Barbera

c Cbecmkal Syttms DiWi Quantum Znsmtitu

ATMl: R& - ro•i. ATIN: K. Srfield
T.D, Myers (2 cpies) M, telnerg

P.O. Box 4, 8 Sarsg Barbara, CA 9310W
Saa los, CA 95161-M02.

I Ua ry of Colonudoat
SUniveral Pulsion COnpany Il•der

AMrN: WU. Mc5a a Fsawrerl Ontor
&iac Canyan Stage I AWN., 3. Del~y
SBM I t Campus Bft 427
P tn•lx, AZ 8&%V'. Booltkr, M" 6 803"9.27

Veltay T'echwoso, lw- 2 Ut•ewtlty of Soutrcm
N77TN: EJI. Riber CaEbrmia
484-5 MitkrsiW 1144t1" Dopt. or Chem~try
R.O. Box14 ATN w. Dsmm
E" sA hztui NY 14051.4Z05

1Ms Angeles CA 9W
I- " gJa'm Young Unive,~
_et. o( Cwmnlci Ensgiering
ATIN: M-.W, .. cksieao
""r-�tr VT 470,
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I Cornell University 1 Pennsylvania State University
Department of Chemistry Dept. of Mechanical Engineering
ATrN: T.A- Cool ATTN: V. Yang
Baker Laboratory University Park, PA 16802
Ithaca, NY 14853

"1 Polytechnic Institute of NY
SUniversity of Delaware Graduate Center

ATTN: T. Brill ATrN: S. Lederman
Chemistry Department Route 110
Newark, DE 19711 Farmingdale, NY 11735

University of Florida 2 Princeton University
Dept. of Chemistry Forrestal Campus Library
ATIN: J. Winefordner ATTN: KI Brezinsky
Gainesville, FL 32611 I. GlasI an

P.O. Box 710
3 Georgia Institute of Princeton, NJ 08540

Technology
School of Aerospace 1 Purdue University

Engineering School of Aeronautics
AT1'N: E Price and Astronautics

W.C. Strable ArTN: J.R. Osbom
B.T. Zinn Grissom Hall

Atlanta, GA 30332 West Lafayette, IN 47906

University of Illinois I Purdue University
Dept. of Mech. Eng. Department of Chemistry
AT'N: H. Krier ATTN: E. Grant
144MEB, 1206 W. Green St. Wrst Lafayette, IN 47906
Urbana, IL 61801

2 Purdue University
I Johis Hopkins Univetsity/APL School of Mechanical
Chemical Propulhoa Engincering

Information Agecmy ATrI: N.M. Laurcndeau
ATMfN: T.W. Christian S.N.B. Murthy
Jobw Hopkins Road PSPC Chaffete Hall
Laurel, M-D 2D707 West Lafayette, IN 47906

I Untverslty of MichlgI 114euwlaer Polytechnic Inst.
Gas Dymmics Lab Dept. of Chemical Engineering
Aerocpa Enineering Bldg. ATIN: A. Fontijn
AMTN: GL.Faeth Troy, NY 12181
Ann Arbor, Mil 4810942140

I Stanford University
I UalveUliy of Minnesota Dept. of Mechanical

Dept. of Mechanical EnglneeviRg
togineeriag ATIN: R, Hanson

ATrN: E.. Fletcho" Stunriol, CA 94305
uoeapo~ll, UN S545

I Univcr-4ty of Tens
3 Pennsylvnlna State University Dept. of Cheulstry

Applicd Reweardh Laboratoty ATfN: W. Gardiner
ATIN: K.K. Kuo Austlin, TX 78712

"H. Palmer
M. Imitel

Unil•.rity Park PA 168M
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I University of Utah
Dept. of Chemical Engineering
ATIN: G. Eandro
Salt Lake City, UT 84112

1 Virginia Polytechnic
Institute and
State University

AMTN: J.A. Schetz
Blacksbirg, VA 24061

1 Freedman Associates
AITN: E. Freedman
2411 Diana Road
Baltimore, MD 212094525
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